We examined the association between residential proximity to agricultural pesticide use and breast cancer incidence among members of the California Teachers Study cohort, a large study of professional school employees with extensive information on breast cancer risk factors, followed for cancer incidence since 1995. We identified 1552 invasive breast cancer cases, diagnosed between 1996 and 1999, among 114,835 cohort members. We used California Pesticide Use Reporting data to select pesticides for analysis based on use volume, carcinogenic potential, and exposure potential; a Geographic Information System was used to estimate pesticide applications within a half-mile radius of subjects' residences. We applied Cox proportional hazard models to estimate hazard rate ratios (HR) for selected pesticides, adjusting for age, race, and socioeconomic status. We saw no association between residential proximity to recent agricultural pesticide use and invasive breast cancer incidence. HR estimates for the highest compared to the lowest exposure categories for groups of agents were as follows: probable or likely carcinogens (1.07, 95% confidence interval (CI): 0.86-1.32), possible or suggestive carcinogens (1.06, 95% CI: 0.87-1.29), mammary carcinogens (1.15, 95% CI: 0.90-1.48), and endocrine disruptors (1.03, 95% CI: 0.86-1.25). HR estimates for other groups and individual pesticides did not differ from unity, nor was there a trend for any groupings of or individual pesticides examined. Stratifying by menopausal status or family history of breast cancer did not substantially affect our results. Our analyses suggest that breast cancer incidence is not elevated in areas of recent, high agricultural pesticide use in California. r 2004 Elsevier Inc. All rights reserved.
Introduction
Breast cancer is the most common form of cancer among adult women in the United States (US) (Kosary et al., 1997; Ries et al., 1998) and known risk factors are thought to explain only about half of the cases occurring nationwide (Madigan et al., 1995) . Observations that breast cancer incidence has been increasing over the past several decades, tending to be higher in industrialized nations, have fueled speculation that environmental contaminants may play a role in breast cancer etiology (John and Kelsy, 1993; Johnson-Thompson and Guthrie, 2000; Laden and Hunter, 1998; Wolff et al., 1996) .
Agricultural pesticides may be one of the most ubiquitous environmental contaminants. In 1991, 2.7 billion pounds of agricultural pesticides were used in the US (US Environmental Protection Agency, Office of Pesticides and Toxic Substances, 1991) and populationbased biomonitoring data indicate that most Americans have detectable levels of many such pesticides in their bodies (Adgate et al., 2001; Gordon et al., 1999; Hill et al., 1995; Lu et al., 2000 ; US Centers for Disease Control and Prevention, National Center for Environmental Health, 2001) . While animal studies provide ample evidence that many currently used pesticides are carcinogenic and tumor promoters (Crisp et al., 1997; Dich et al., 1997; Oregon State University, 1998; Sherman, 1994) , relatively little is known about the risk to human populations from chronic low-level environmental exposures to these compounds. Occupational studies of female agricultural workers are sparse and tend not to observe a positive relationship between breast cancer and pesticide exposures (Davis et al., 1993; Kristensen et al., 1996; Pukkala and Notkola, 1997; Ronco et al., 1992; Settimi et al., 1999; Wiklund and Dich, 1994) . Population-based studies are even fewer and have primarily been ecologic in design (Kettles et al., 1997; Mills, 1998; Waterhouse et al., 1996; Zahm et al., 1997) . Recently, considerable research has focused on the potential relationship between breast cancer and body burden levels of organochlorine pesticides (Aronson et al., 2000; Bagga et al., 2000; Dello Iacovo et al., 1999; Dewailly et al., 1994; Dorgan et al., 1999; Guttes et al., 1998; Helzlsouer et al., 1999; Hoyer et al., 2000; Hunter et al., 1997; Liljegren et al., 1998; Mendonca et al., 1999; Millikan et al., 2000; Moysich et al., 1998; Mussalo-Rauhamaa et al., 1990; Olaya-Contreras et al., 1998; Romieu et al., 2000; Schecter et al., 1997; Stellman et al., 2000; Unger et al., 1984; van't Veer et al., 1997; Wolff et al., 1993 Wolff et al., , 2000 Zheng et al., 1999a-c) . Results from these studies have been conflicting and methodologic differences in study design and measurement issues have hampered resolution of their differing results (Adami et al., 1995; Azevedo e Silva Mendonca, 1998; Gammon et al., 1998; Longnecker et al., 2000; Santodonato, 1997; Wassermann et al., 1976) .
Potential pesticide exposure to agricultural community residents has been a major source of public concern (Solomon and Mott, 1998) . California is the largest agricultural state in the US, boasting an annual average of 20 billion dollars in farm revenues during the 1990s (US Department of Agriculture, 1994; US Department of Agriculture, National Agricultural Statistics Service, 1999) . The state also has some of the highest breast cancer incidence rates in the nation (Blot et al., 1977; Kwong et al., 2001; Parkin et al., 1997; Ries et al., 1998; Sturgeon et al., 1995; Walker et al., 1999) . In 1990, the California Department of Pesticide Regulation expanded its Pesticide Use Reporting (PUR) system requiring the reporting of all agricultural pesticide use in the state. This database provides a unique opportunity to examine statewide environmental exposures to agricultural pesticide use and breast cancer incidence in California. We designed our study to look at the relationship between residential proximity to agricultural pesticide use, as reported in the PUR, and breast cancer incidence within a large, well-defined cohort of women residing throughout California.
Methods

Study population
Our study population, the California Teachers Study (CTS) cohort, was established from respondents to a 1995 mailing to all 329,000 active and retired female enrollees in the State Teachers Retirement System (STRS). STRS members are California public school employees, kindergarten through community college level, who teach, are involved in the selection and preparation of instructional materials, or supervise persons engaged in those activities. All California public school employees must pay into and receive retirement benefits through STRS and membership is in effect as long as retirement contributions remain on deposit with the program. STRS members are employed in approximately 1160 public school districts, community college districts, county offices of education, and state reporting entities throughout California. A total of 133,479 women (approximately 40% of those approached) returned the 1995 baseline questionnaire and chose to join the CTS cohort. The creation and characteristics of the cohort are described in detail elsewhere (Bernstein et al., 2002) . A comparison of the cohort's geographic and age distributions to the STRS membership in that analysis revealed very similar distributions (Bernstein et al., 2002) . Use of human subjects data in this study was reviewed by the California Health and Human Services Agency, Committee for the Protection of Human Subjects and found to be in compliance with their ethical standards and with the US Code of Federal Regulations, Title 24, Part 46 on the Protection of Human Subjects.
Follow-up and cancer incidence data
The CTS follows its cohort members annually for deaths, changes of address, and cancer diagnoses. The study uses mortality files and confirmed reports from relatives to ascertain date and cause of death. It obtains cohort members' address changes through annual mailings, participant responses, and record linkage with multiple sources, including the California Department of Motor Vehicles (DMV) and the US Postal Service National Change of Address database. The CTS identifies cancer outcomes for its members through annual linkage with the California Cancer Registry (CCR), a legally mandated, statewide, population-based cancer reporting system (California Cancer Registry, Data Standards and Quality Control Unit, 2000).
Modeled after the National Cancer Institute's Surveillance, Epidemiology and End Results (SEER) program, the CCR maintains high standards for data quality and completeness; their data is estimated to be 99% complete (Kwong et al., 2001) . Linkage between the CTS cohort and the CCR database is based on full name, date of birth, address, and social security number and includes manual review of possible matches. For our analyses, we defined a case as any woman diagnosed with invasive breast cancer following her completion of the baseline questionnaire through December 31, 1999. We excluded women diagnosed with breast cancer prior to completing their baseline questionnaire (N ¼ 6131).
Geocoding
The CTS baseline questionnaire collected residential address information for all respondents living in California at baseline (N ¼ 123; 925) . CTS investigators sent these addresses to Geographic Data Technology (GDT) (Geographic Data Technologies, 2002) for geocoding. All addresses not geocoded by GDT were submitted to the (California) Teale Data Center (Teale Data Center, 2002) for manual geocoding. Geographic Information System (GIS) specialists at the California Department of Health Services (CDHS) geocoded the remaining addresses. Following these efforts, most (89%) of the remaining 2328 ungeocodable addresses were post office boxes. For these records, CTS investigators accessed DMV, Experian (Experian, 2002) , and California Property Tax Roll data to trace actual residential addresses.
We used ZP4 software (Semaphore Corp., 2002) to standardize and validate the addresses of cohort members and geocoded them using ArcView GIS software (Environmental Systems Research Institute, Inc., 2000) and street databases from GDT (Geographic Data Technologies, 2002) US Census Bureau (TI-GER2000) (US Census Bureau, 2002a) , and NavTech (Navagational Technologies, 2002) . Ultimately, we geocoded 121,597 (98.1%) of the CTS respondents' addresses to a latitude and longitude.
Pesticide data
California's Department of Pesticide Regulation maintains a PUR database containing detailed information, reported at the level of Sections of the Public Land Survey System (PLSS), on active ingredient, quantity applied, acres treated, crop treated, and location (in square mile sections) for all agricultural pesticide applications in the state (California Department of Pesticide Regulation, 1997). For our study, we used PUR data from 1993 through 1995 because they represented the most complete data available for the time immediately preceding the start of our study's follow-up period. Our study is based on all compounds reported in the PUR database (including fungicides, herbicides, and insecticides). For simplicity, we hereafter will refer to all such compounds simply as ''pesticides''. For this analysis, we combined pesticides into six toxicological groups and selected five individual pesticides for examination based on their carcinogenic and exposure potential, as described below.
Toxicological groups of pesticides. Our purpose in grouping the pesticides was to study exposures with similar toxicity end points relevant to breast cancer, since true exposure occurs for mixtures of pesticides and total risk may be underestimated by studying only exposures to individual agents. We combined pesticides reported to the PUR system, during our study's period of interest (1993) (1994) (1995) , into six toxicological groups: probable or likely human carcinogens, possible or suggestive human carcinogens, mammary carcinogens, endocrine disruptors, anticholinesterases, and organochlorines. Some pesticides fell into more than one group. A full listing of the chemicals included in each of these toxicological groups appears in Table 1 .
California banned or severely restricted the use of all known human carcinogens prior to the time of our study. As a result, the carcinogenic evidence for the pesticides that we assessed is based almost exclusively on laboratory animal studies (Crisp et al., 1997 We defined endocrine disruptors as those pesticides which have the potential to directly or indirectly increase estrogenic effects leading to mammary cell proliferation (Crisp et al., 1997 ; Illinois Environmental Protection Agency, 1997; National Institutes of Health, National Institute of Environmental Health Sciences, National Toxicology Program, 2001; Oregon State University, 1998) and identified a total of 34 endocrine-disrupting pesticides used in California (Illinois Environmental Protection Agency, 1997). We included anticholinesterases as a toxicological group because they represent two specific groups of pesticides (organophosphates and carbamates) that potentially increase estrogenic activity by acting on the hypothalamic-pituitary axis (Oregon State University, 1998). We selected organochlorines because of their persistence in the body and the environment and because of the extensive evidence for their estrogenicity (Snedeker, 2001 ). Use of organochlorines has been consistently declining in California; we could identify only three organochlorine pesticides used between 1993 and 1995.
Selection of individual pesticides. We selected five pesticides for individual analysis: simazine, diuron, oryzalin, propargite, and methyl bromide. The first three have established toxicological data from laboratory animal studies implicating their role in mammary tumorigenesis and they are considered endocrine disruptors (Crisp et al., 1997 University, 1998; US Environmental Protection Agency, Office of Pesticide Programs, 2002). We selected propargite and methyl bromide because they ranked highest in a cancer hazard ranking system that we developed for a previous study of childhood cancer . Since the carcinogenic potential used in the ranking system is based on laboratory animal studies and includes tumors at multiple sites, these methods are applicable to a study of breast cancer and childhood cancer. The detailed methods for the pesticide cancer hazard ranking system are presented elsewhere (Gunier et al., 2001) . Briefly, each pesticide was assigned a hazard score based on two measures of carcinogenicity (cancer class and potency) and two measures of exposure potential (field volatilization flux and half-life). We then multiplied the hazard score for each pesticide with the average annual pounds of the pesticide applied statewide from 1993 through 1995 to derive the cancer hazardadjusted use. We identified 57 pesticides used at or above 100,000 pounds per year in California for which all the necessary toxicity and environmental data were available. Methyl bromide and propargite ranked highest among these 57 pesticides for hazard-adjusted use during the time period of interest (1993) (1994) (1995) .
Pesticide exposure assessment. We calculated the CTS cohort members' residential pesticide exposure potential by determining the amount of pesticide applied (in pounds per square mile) within a half-mile radius (buffer) of each woman's residential baseline address. We chose to use a distance of one half mile for our buffer because the highest environmental concentrations of pesticides are likely to occur near the application site (Lu et al., 2000; Simcox et al., 1995) . We used a GIS to identify PLSS Sections and the proportion of land area within the half-mile buffers. For each subject, we estimated the average annual agricultural pesticide use for 1993-1995 by summing the average pounds applied in all relevant PLSS Sections of the buffer, weighted by the proportion of land area in the buffer, and then dividing by the buffer area. From this calculation, we obtained a measure of pesticide use density in pounds per square mile (lb/mi 2 ). To evaluate the sensitivity of our exposure assessment methods to the use of a halfmile radius buffer, we also calculated the pesticide use density for two individual agents, simazine and diuron, only in each subject's PLSS Section of residence similar to the methods used in a previous study of fetal death (Bell et al., 2001 ).
Census data
We used 1990 US Census data to characterize the socioeconomic status (SES) and the degree of urbanization of cohort members' neighborhoods. We created a summary SES metric based on the study participants' census block group and incorporated measures of their occupation, education, and income (US Bureau of the Census, 1992). To do this, we first ranked all California block groups by education level (percentage of adults over age 25 years having completed a college degree or higher), income (median family income), and occupation (percentage of adults employed in managerial/ professional occupations) according to quartiles based on the statewide adult population. This resulted in a score of one through four for each of these SES attributes. We then created a summary SES metric by summing the scores across each of these attributes and categorizing them into four groups based on the quartiles of this score for the statewide population.
To define degree of urbanization we used a combination of census-based information. The US Census Bureau defines an urbanized area as a centralized area, with a population of 50,000 or more people and a population density of at least 1000 people per square mile (US Census Bureau, 2002b) . Since, by this definition, 85% of California residents live in an urban area, we used additional information to further refine our urbanization variable. We assigned Metropolitan Statistical Area (MSA) or Consolidated Metropolitan Statistical Area (CMSA) size codes to each tract that fell within a census-designated urban area. In addition, we assigned each tract to a census place size code, which represents the population size of the town or city in which the tract is located. If a tract was split between places, we assigned it the size code of the most populous place. Initially, we created four urban/rural categories by combining MSA/CMSA size and place size. We defined the first category, ''most urban,'' as cities of greater than or equal to 100,000 people within MSA/ CMSA areas of greater than or equal to one million people. Cities of less than 100,000 people in MSA/ CMSA areas of greater than or equal to one million people fell into our second category, defined as ''suburban.'' Our third category included tracts in MSA/CMSAs of less than one million people and was defined as ''medium and small metropolitan areas.'' Our fourth category included small towns (less than 50,000 people) and rural areas outside of census-designated urbanized areas. Because of the sparseness of cohort members living in these last two categories, we combined them into an ''other'' category representing all those living outside urban and suburban areas.
Calculation of follow-up
We based our person-months at risk calculations on the first 4 years of follow-up, January 1, 1996 through December 31, 1999. For women who remained in California during the entire follow-up period, we calculated person-months at risk as the number of months between the date that each woman joined the CTS cohort (the date that she completed the baseline questionnaire) and either the date of her breast cancer diagnosis, the date of her death, or December 31, 1999 (the end of the CTS follow-up period). Women who moved out of California during the follow-up period and did not develop breast cancer prior to leaving were presumed to have lived in California for one-half of the time that had elapsed between their entry into the cohort and the date associated with their first non-California address. We assigned these women person-months up to the midpoint of that time period.
Data analysis
Because our toxicological groupings and individual pesticides were highly correlated and not necessarily mutually exclusive, we looked at the six pesticide groupings and five individual pesticides using separate models. For each group or individual pesticide analysis, we considered subjects with exposures of o1 lb/mi 2 to have negligible exposure potential; we used these as our reference category or unexposed group. We based our other three exposure categories on the distributions of pesticide use densities among subjects with X1 lb/mi 2 of use density: 1st to 49th percentiles, 50th to 74th percentiles, and X75th percentile. We used Cox proportional hazard models to calculate hazard rate ratios (HR) and 95% confidence intervals (CI) for breast cancer associated with pesticide use density, adjusting for age, race, SES, and urbanization. We also repeated these analyses with stratification for menopausal status, family history of breast cancer, and degree of urbanization. We performed all analyses using SAS software (SAS Institute, Inc., 2000) , limiting all our analyses to the 114,835 respondents who had been successfully geocoded and had no prior history of breast cancer. Table 2 shows the characteristics of the 114,835 CTS cohort members included in our analysis. Half of these women were between the ages of 40 and 59 years. Most were non-Hispanic White (86.2%) and lived in urban or suburban areas (73.8%). Almost one-third were in the highest SES category (32.2%). Approximately half the cohort members were postmenopausal (50.7%) and most had no family history of breast cancer (86.6%). Table 3 shows the distribution of potential agricultural pesticide exposures among the CTS cohort members included in our analyses. The number of women living in areas of pesticide use density X1 lb/mi 2 for a given pesticide or group of pesticides ranged from 7259 (6% of all women) for organochlorines to 44,292 (36%) for endocrine disruptors. Among the individual pesticides, methyl bromide represented the most prevalent potential exposure; 16% of teachers lived in areas with X1 lb/ mi 2 annual use of the pesticide. The distribution of use density for methyl bromide was much higher than that of the other individual pesticides with a median application rate near study subjects' residences of 181 lb/mi 2 . A substantial number of women lived in residential areas with pesticide use density 4100 lb/mi 2 applied per year. For example, 7913 women in our study lived in areas with a per-year use density X175 lb/mi 2 for probable or likely carcinogens and 10,492 women lived in areas with a per-year use density X324 lb/mi 2 for endocrine-disrupting pesticides. a Socioeconomic status quartiles are based on the distribution of the California census block group levels of a census-based socioeconomic summary metric incorporating education, income, and occupation (see text for further explanation).
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b Urbanization is based on the distribution of the California census block group levels of an urban/suburban/rural measurement (see text for further explanation).
Our estimates of relative risk (hazard rate ratios) were based on 113,283 women, with more than 5.31 million months of follow-up, who did not develop breast cancer during the follow-up period and 1552 women, with 39,520 months of follow-up, who did develop invasive breast cancer. Table 4 contains HRs obtained from the Cox proportional hazard analysis for breast cancer. After adjusting for age, race, SES, and urbanization, HRs revealed no evidence that residential proximity to recent agricultural pesticide use was related to invasive breast cancer incidence. HR estimates for the highest quartile of area use were as follows: probable or likely carcinogens (1.07, 95% CI: 0.86-1.32), possible or suggestive carcinogens (1.06, 95% CI: 0.87-1.29), mammary carcinogens (1.15, 95% CI: 0.90-1.48), endocrine disruptors (1.03, 95% CI: 0.86-1.25), anticholinesterases (1.09, 95% CI: 0.89-1.33), and organocholorines (0.99, 95% CI: 0.63-1.55). HR estimates for the individual pesticides examined also did not differ from unity with HR estimates for the highest quartiles of exposure ranging from 1.11 (95% CI: 0.81-1.50) for simazine to 0.95 (95% CI: 0.67-1.35) for oryzalin. HRs were similar for the two pesticides selected for sensitivity analysis, simazine and diuron, when pesticide use only in the section of residence was used for exposure assessment, although the point estimates for the highest exposure category increased slightly in both cases (data not shown). HRs showed no linear increase or decrease with increasing level of exposure for any of the groupings or individual pesticides analyzed. Additional adjustment of the models for established breast cancer risk factors (including family history of breast cancer, age at menarche, pregnancy history, lifetime duration of breastfeeding, physical activity, alcohol consumption, body mass index, and use of hormone therapy) did not substantially alter our results (data not shown). Stratifying the models by menopausal status and family history of breast cancer did not substantially affect the risk estimates, although analyses were hindered by small numbers (data not shown). Likewise, results from models stratified by urbanization were generally similar to those observed in the full sample, although among rural residents there was some suggestion of an increased risk associated with the highest level of simazine (HR=1.17, 0.82-1.67 based on use within 1 2 mile buffer; HR=1.44, 95% CI: 1.01-2.05 based on use only in section of residence) and a reduced risk for the lowest quartile of oryzalin use (HR=0.65, 95% CI: 0.43-1.00). These risk estimates, however, were based on very small numbers.
Discussion
Our analyses suggest that breast cancer incidence is not elevated among members of the CTS cohort living in areas of recent, high agricultural pesticide use. Interest in breast cancer risk associated with pesticide exposures has been largely predicated on the lipophilic, persistent, and carcinogenic characteristics of many such agents historically used in agriculture (Blair and Zahm, 1990; Dich et al., 1997) . Evidence from case-control literature on body burden levels of pesticides and breast cancer risk has been mixed (Adami et al., 1995; Snedeker, 2001; Wolff et al., 1996) and, although observed differences in secular and geographic patterns have provoked questions about the potential for population exposure to these agents (Allen et al., 1997; Westin and Richter, 1990) , few studies to date have specifically explored the risks among women living in agricultural areas (Hopenhayn-Rich et al., 2002; Kettles et al., 1997; Mills, 1998; Waterhouse et al., 1996; Wesseling et al., 1999; Zahm et al., 1997) .
The few studies able to examine breast cancer outcomes among female agricultural workers have tended to report null associations (Davis et al., 1992; Inskip et al., 1996; Kristensen et al., 1996; Pukkala and Notkola, 1997; Ronco et al., 1992) or associations with HRs significantly below unity (Settimi et al., 1999; Singleton et al., 1989; Wiklund and Dich, 1994) . In a California mortality study designed to evaluate standardized mortality ratios (SMRs) for various occupational groups, women employed in agricultural occupations had a significantly lower SMR for breast cancer (SMR=45), which remained low after adjustment for SES and for alcohol and tobacco consumption (SMR=59) (Singleton et al., 1989) .
Few general population studies of pesticide-related cancer have been conducted in women and most are hampered by indirect assessments of exposure and a lack of information on other variables of interest . The incidence of breast cancer was not elevated among women participating in the Tecumseh, Michigan study of rural farming area residents (Waterhouse et al., 1996) ; similarly, it was not elevated among women living in agricultural production areas of Belgium (Janssens et al., 2001) . Higher breast cancer rates were observed among women living in an area of Kentucky with high levels of triazine herbicide use (Kettles et al., 1997) . However, a follow-up study, using more refined measures of potential exposure and an additional 3 years of follow-up, failed to find an association between atrazine and breast cancer incidence in Kentucky (Hopenhayn-Rich et al., 2002 ). An ecologic analysis of cancer rates and heavy pesticide use conducted in rural counties of Costa Rica reported an increase in all female hormonally related cancers, including breast cancer (RR=1.25, 95% CI: 1.02-1.54) (Wesseling et al., 1999) . This positive finding may partly be a function of exposure levels; pesticide use is considerably higher in Costa Rica than in areas with intensive agriculture in developed countries (Wesseling et al., 1999) . A correlation analysis of countywide pesticide use and cancer incidence in some areas of California, from 1988 through 1992, suggested some potentially interesting risk associations for men of color but not for women (Mills, 1998) . The lack of detail on chemical agents of interest and the inability to account for within-area exposure potential variability have proven to be the major shortcomings of these approaches.
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The development of GIS applications for epidemiologic studies is providing new avenues for addressing such shortcomings (Gunier et al., 2001; Reynolds et al., 2002; Ward et al., 2000) , though a great deal of methodologic work remains. Like our own study, an investigation of environmental risk factors for breast cancer in Cape Cod, Massachusetts utilizes a GIS to provide more spatially precise estimates of specific population exposures (Brody et al., 2002) . This casecontrol study of breast cancer in Cape Cod area women assigns pesticide exposure information individually to its subjects. Results are not yet available from that study, but a comparison of their findings with those from our study will prove valuable.
In our study we did not see an overall association with simazine, the most commonly used triazine herbicide used in California. While we did see some suggestion of an increased breast cancer risk associated with simazine use among rural residents, it was based on small numbers (N ¼ 34 cases) and there was no evidence of a trend. Given the large number of comparisons made in this study, such a finding may be due to chance although future study might be warranted.
Our study has a number of important limitations. We focused on examining residential proximity to agricultural pesticide use and had no information on other pesticide exposures such as house fumigation or pesticides applied in parks, on golf courses, along the sides of roadways, or in subjects' own households. We based exposure potential on residential proximity only and could not account for workplace or leisure time exposures. Additionally, we based our exposure classifications on reported pesticide use and not on environmental or biological measurements. Finally, we based exposure assignments on recent pesticide use near women's baseline residence and could not account for historic use patterns or for the residential mobility of our study subjects.
Historical California data indicate that recent pesticide use patterns generally reflect long-term patterns at the state and county level but may be less predictive at the neighborhood level. In California, agricultural pesticide use has been fairly consistent statewide (125-175 million pounds per year), with basically the same counties, crops, and pesticides ranking highest in use year after year since full reporting was implemented in 1990 (Wilhoit et al., 1999) . Reporting was not required for all agricultural pesticide use in the 1980s, but the restricted PUR data indicate that the same counties, crops, and pesticides had the most use every year during the decade (California Department of Pesticide Regulation, 1997). However, GIS mapping of pesticide use patterns in the 1980s compared to the 1990s showed that there has been some change at the neighborhood level as former cropland and surrounding buffers have been turned into residential areas.
Although we did not have residential history information for the cohort, we have conducted two separate analyses that help to inform the issue of residential mobility. Preliminary data from a small substudy (N ¼ 328) nested within the cohort, for whom complete lifetime residential histories were collected, suggest that the cohort may be somewhat residentially stable with participants reporting an average of 15 years at their current address (Hurley et al., 2004, unpublished) . Additionally, we repeated the pesticides analyses in the full cohort, restricting it to only study subjects who had not moved during the follow-up period and found essentially the same results as those reported here (data not shown).
Another potential limitation of our study is that the PUR data are reported to square mile sections of a statewide grid system rather than to the actual field boundaries. We included agricultural pesticide use reported in any section within a half-mile of the subject's residence. Our methods are similar to the ''broad'' definition of exposure used in a previous study of fetal death that used PUR data (Bell et al., 2001) . Recently, an assessment of potential exposure misclassification error resulting from this method of exposure assessment was published (Rull and Ritz, 2003) . The authors of that study compared risk estimates generated from the use of square mile sections and the ''broad'' definition of exposure using PUR data, similar to the method used in our analyses, to a more refined measure using 500-m buffers and crop maps combined with PUR data. They reported that while the sensitivity of the ''broad'' definition was 100%, the specificity was only 62-94%, resulting in an attenuation of a true risk ratio from 1.5 to 1.1 (Rull and Ritz, 2003) . They also reported that the specificity was better when exposure estimates were based only on use within the section of residence. In our study, the hazard ratios for simazine and diuron were similar when we considered pesticide use in the section of residence only, although the point estimates were slightly higher for the highest exposure category and became significant for simazine among rural residents.
The reduced specificity and ability to detect risk reported by these investigators (Rull and Ritz, 2003) was based on the assumption that no exposure occurs beyond 500 m from a treated field. However, a health evaluation using measured concentrations of pesticides in outdoor air from agricultural counties around California found that there were potential health risks associated with the levels measured at distances much greater than 500 m from treated fields (Lee et al., 2002) . The environmental transport of pesticides from the application site depends on many factors including wind speed, physical properties of the pesticide, droplet size and application method (Raupach et al., 2001; Teske et al., 2002; Woodrow et al., 1997) . In future studies, improved exposure assessment methods are needed that can combine meteorological data, field-level pesticide application information, and the physical properties of each pesticide into a dispersion model to predict ambient concentrations are needed. The resulting ambient concentrations could then be adjusted for potency before summing across all pesticides with similar health effects as has been done previously for pesticides and other hazardous air pollutants (Lee et al., 2002; Morello-Frosch et al., 2000; Pratt et al., 2000; Woodruff et al., 2000) .
Our study offers a number of advantages over those that examine risk relationships based on population exposures. With the extensive information available from California's PUR system, we were able to evaluate our subjects' residential proximity to quantified use estimates of pesticides within specific toxicological groups and to individual agents. Since these exposure attributes were independently assessed, they were not subject to recall bias or dependent on the knowledge of study participants. Because our study is based on exposure estimates assigned to individuals in a welldefined cohort, it is not subject to the limitations of purely ecologic analyses. Additionally, as residents of California, a very large and geographically heterogeneous state, the cohort members experienced considerable variability in exposure opportunity.
Our study was exploratory in nature and designed to evaluate whether breast cancer rates are higher in areas of recent high agricultural pesticide use, an issue of great public concern. The results presented here suggest that no such association exists. Whether pesticide exposures are etiologically implicated in the development of breast cancer will require study designs that better characterize lifetime exposures to these agents.
